Malt barley (Hordeum vulgare L.) yield and quality have been evaluated using various cultivars and N rates but little is known about the effects of tillage and cropping sequence. We evaluated the effects of tillage, cropping sequence, and N fertilization on dryland malt barley yield, grain characteristics, N uptake, and N useefficiency from 2006 to 2011 in eastern Montana. Treatments were no-till continuous malt barley (NTCB), no-till malt barley-pea (Pisum sativum L.) (NTB-P), no-till malt barley-fallow (NTB-F), and conventional till malt barley-fallow (CTB-F), with split application of N rates (0,40, 80, and 120 kg N ha-1 ) in randomized complete block with three replications. As N rates increased, malt barley grain yield, protein concentration, and N uptake increased in NTB-F, NTB-P, and NTCB, but test weight, plumpness, and N-use efficiency decreased in all tillage and cropping sequence treatments. Similarly, plant stand, biomass (stems and leaves) yield, and N uptake increased with increased N rates. Grain and biomass yields, N uptake, and N-use efficiency were greater in CTB-F than in NTB-P and NTCB but tillage had no effect on these parameters. Malt barley yield and N uptake varied with cropping sequences and N rates among years. Although grain yield increased with increased N rates, NTB-P with N rates between 40 and 80 kg N ha −1 may be used to sustain dryland malt barley yield and quality (protein concentration < 135 g kg −1 , plumpness > 800 g kg −1 ), thereby helping to reduce the potentials for soil erosion and N leaching and increase soil organic matter in the northern Great Plains. O ne of the major producers of malt barley in dryland cropping systems in the world are the northern Great Plains in the United States where the crop growing season is relatively short due to cool climate with lower precipitation than in other regions (USGC, 2007). Although yields have been increased with increased N fertilization rates (Weston et al., 1993; O'Donovan et al., 2011), the strict requirements of malt barley grains with low protein concentration (<130 and 135 g kg -1 for two-and six-row malt barley, respectively) and large plump kernels (>800 g kg -1 ) for malting grade, however, present unique challenges for producers (AMBA, 2005). Malt barley with high protein concentration has enhanced enzymatic activity, fi ne-coarse extract diff erence, and low malt extract (Broderick, 1988) . About 25% of malt barley is accepted for malting purpose, with the rest being used for livestock feed, thereby resulting in lower revenue for producers (O'Donovan et al., 2011).
O ne of the major producers of malt barley in dryland cropping systems in the world are the northern Great Plains in the United States where the crop growing season is relatively short due to cool climate with lower precipitation than in other regions (USGC, 2007) . Although yields have been increased with increased N fertilization rates (Weston et al., 1993; O'Donovan et al., 2011) , the strict requirements of malt barley grains with low protein concentration (<130 and 135 g kg -1 for two-and six-row malt barley, respectively) and large plump kernels (>800 g kg -1 ) for malting grade, however, present unique challenges for producers (AMBA, 2005) . Malt barley with high protein concentration has enhanced enzymatic activity, fi ne-coarse extract diff erence, and low malt extract (Broderick, 1988) . About 25% of malt barley is accepted for malting purpose, with the rest being used for livestock feed, thereby resulting in lower revenue for producers (O'Donovan et al., 2011) .
Malt barley quality is infl uenced more by environmental factors (soil temperature and water content) and management practices (seeding rates, cultivars, etc.) than N fertilization rates (Th errien et al., 1994; Wade and Froment, 2003) . Studies conducted in southern Alberta, Canada showed that early seeding and appropriate N fertilization rates as determined by soil NO 3 -N levels with adequate water content are the most benefi cial agronomic practices for malt barley yields and quality in the northern Great Plains . Increased N fertilization rates usually increase malt barley grain yield and protein concentration but reduce kernel plumpness (Wade and Froment, 2003; O'Donovan et al., 2011) . While several researchers (Varvel and Severson, 1987; Birch and Long, 1990) found that dryland malt barley grain protein concentration was <130 g kg -1 with 168 to 200 kg N ha -1 in Minnesota and Queensland, Australia, others (Weston et al., 1993) observed higher protein concentration with N rates <150 kg N ha -1 in North Dakota. In the northern Great Plains, N requirement of 25 kg N Mg -1 grain was required to sustain dryland malt barley yield and quality (McKenzie and Jackson, 2005) . Th erefore, appropriate N fertilization rates need to be applied to malt barley to achieve a balance between optimum grain yield, plumpness, and protein concentration (Th ompson et al., 2004) .
Conventional tillage with crop-fallow has been the traditional dryland farming system in the northern Great Plains (Haas et al., 1974; Aase and Pikul, 1995; Halvorson et al., 2002) . Th e system has not only decreased annualized crop yields and became uneconomical by the absence of crops during fallow (Aase and Schaefer, 1996; Dhuyvetter et al., 1996) , but also reduced soil quality and productivity due to loss of soil organic matter from increased mineralization and soil erosion and reduced amount of crop residue returned to the soil (Haas et al., 1974; Aase and Pikul, 1995; Halvorson et al., 2002) . Fallowing is usually done to conserve soil water, control weeds, release plant nutrients, and increase succeeding crop yields (Aase and Pikul, 1995; Jones and Popham, 1997) , but it can also reduce soil water storage effi ciency and increase saline seep development (Haas et al., 1974; Black and Bauer, 1988) . Similarly, tillage can increase the oxidation of soil organic matter by incorporating crop residue into the soil, disrupting aggregates, and increasing aeration (Bowman et al., 1999; Schomberg and Jones, 1999) . In the last 50 to 100 yr, the traditional system has resulted in a decline of soil organic matter by 30 to 50% of their original levels (Haas et al., 1974; Peterson et al., 1998) . Tillage, fallow, and excessive N fertilization can increase the potential for N leaching by increasing soil N mineralization and residual N accumulation (Sainju et al., 2009b) . Th erefore, novel soil and crop management practices are needed to sustain dryland malt barley yield and quality, maintain soil organic matter, and reduce the potentials for soil erosion and N leaching.
Information on reduced tillage, continuous cropping, and N fertilization to maintain or increase spring and winter wheat (Triticum aestivum L.) yields compared to traditional system is available (Aase and Pikul, 1995; Halvorson et al., 1999; Campbell et al., 2000) , but relatively little is known about their eff ects on malt barley yield and quality in the northern Great Plains. Eff ect of tillage on spring barley yields have been variable, with reduced (Peterson and Potts, 1985) , similar (O'Sullivan and Ball, 1982) , or increased (Ciha, 1982) yields with no-tillage compared to conventional tillage. Since N fertilization and management is extremely sensitive to maintain malt barley grain yield and quality O'Donovan et al., 2011) , practices that reduce both tillage intensity and N fertilization rate and increase crop diversity are needed not only to maintain yield and quality but also to improve soil and environmental quality. One of the practices is to include legume pulse crops, such as pea, in rotation with malt barley. Pea can increase succeeding crop yields by supplying N from its residue due to its higher tissue N concentration and increasing soil water availability due to its lower water requirement than wheat or barley (Miller et al., 2002; Lenssen et al., 2007a) . As a result, N fertilization rates to succeeding crops following pea can be reduced without infl uencing yields, thereby reducing input cost and the potential for N leaching (Miller et al., 2002) . Little information exists about the eff ect of malt barley-pea rotation with reduced N rate in no-till systems on barley grain yield and quality. We hypothesized that NTB-P with 40 kg N ha -1 would sustain malt barley yield and quality and increase N-use effi ciency compared to other treatments. Our objectives were to: (i) evaluate the eff ects of tillage, cropping sequence, and N fertilization rate on malt barley grain and biomass yields, grain protein concentration, plumpness, and test weight, plant stand, N uptake, and N-use effi ciency from 2006 to 2011 in eastern Montana and (ii) determine a management option that sustains malt barley yield and quality and helps to reduce chemical input use and improve soil and environmental quality in the northern Great Plains.
MATERIALS AND METHODS Experimental Site and Treatment
Th e experiment, a part of the long-term soil C and N sequestration program as infl uenced by management practices, was conducted in the same place from 2005 to 2011 at a dryland farming site, 11 km west of Sidney (48°33′ N, 104°50′ W), eastern Montana. Th e site has mean monthly air temperature from -8°C in January to 23°C in July and August. Mean annual precipitation (68-yr average) is 357 mm, 70% of which occurs during the crop growing season (April-August) (Table 1) . Th e soil was a Williams loam (fi ne-loamy, mixed, superactive, frigid Typic Argiustolls), with 350 g kg -1 sand, 325 g kg -1 silt, 325 g kg -1 clay, and pH 7.2 at the 0-to 20-cm depth. Soil total C concentrations at 0 to 5 and 5 to 20 cm at the initiation of the experiment in April 2005 were 13.3 and 10.6 g kg -1 , respectively. Previous cropping system (past 6 yr) was conventional-till spring wheat-fallow-saffl ower (Carthamus tinctorius L.) rotation. Monthly average air temperature and total precipitation were collected from a meteorological station, 200 m from the experimental site (Table 1) .
Treatments included four tillage and cropping sequence combinations (NTCB, NTB-P, NTB-F, and CTB-F) (hereaft er called cropping sequences) as the main plot and four N fertilization rates (0, 40, 80, and 120 kg N ha -1 ) as the split plot factor arranged in a randomized complete block with April  80  21  11  39  29  39  29  May  44  128  28  8  142  146  50  June  55  49  32  56  71  24  72  July  30  21  32  70  51  68  54  August  36  8  23  38  56  15  37  April-August  244  226  126  211  349  292  242  January-December  339  280  189  282  415  347  357 three replications. Except for NTCB which had only one phase (malt barley), other cropping sequences had two phases in the rotation. For example, NTB-P had malt barley and pea phases, NTB-F had malt barley and no-till fallow phases, and CTB-F had malt barley and conventional till fallow phases. Malt barley was planted annually in NTCB, in rotation with pea in NTB-P, and in rotation with fallow in NTB-F and CTB-F. All phases of the cropping sequence occurred in every year. Th e CTB-F with 80 kg N ha -1 is the conventional dryland farming practice for malt barley in the experimental site. In NTCB, NTB-P, and NTB-F, plots were left undisturbed, except for fertilizer application and planting of crops in rows. In CTB-F, plots were tilled with fi eld cultivator equipped with C-shanks and 45-cm wide sweeps and coiled-toothed spring harrows with 60-cm rods. Tillage was conducted to a depth of 10 cm during planting and fallow periods two to three times a year for seedbed preparation and weed control.
In the fi rst phase of the cropping sequence, no N fertilizer was applied to pea and fallow. In NTCB and the second phase of other cropping sequences, N fertilizer was applied to malt barley at 0, 40, 80, and 120 kg N ha -1 in all treatments. Weeds in no-till treatments were controlled by applying pre-plant and postharvest herbicides and in conventional till treatments by a combination of herbicides and conventional tillage to a depth of 10 cm as needed. Glyphosate [N-(phosphonomethyl) glycine] was applied at 1.8 kg a.i. ha -1 to all plots as pre-plant and postharvest herbicide. 
Crop Management
Six-row malt barley (cultivar Certifi ed Tradition, Busch Agricultural Resources, Fargo, ND) seeds at 45 kg ha -1 and pea (cultivar Majoret, Macintosh Seed, Havre, MT) seeds, inoculated with proper Rhizobium sp., at 101 kg ha -1 were planted to a depth of 3.8 cm with a no-till drill equipped with double-shoot Barton (www.fl exicoil.com/barton.asp) disk openers in April 2005 to 2011. At the same time, P fertilizer as triple superphosphate (45% P) at 29 kg P ha -1 and K fertilizer as muriate of potash (60% K) at 27 kg K ha -1 were banded to malt barley and pea at 5 cm to the side and below seeds. Nitrogen as urea (46% N) was broadcast to meet 0, 40, 80, or 120 kg N ha -1 as available N to malt barley a week aft er planting. Soil NO 3 -N content determined to a depth of 60 cm aft er crop harvest in the fall of the previous year was deducted from N rates before applying N fertilizer so that desired N rates contained both soil and fertilizer N. No irrigation was applied. At 2 to 3 wk aft er planting, plant stand was determined by counting the number of plants from two 0.20-m 2 areas randomly within the plot. In August 2005 to 2011, 2 d before grain harvest, malt barley and pea biomass (stems + leaves) yields were determined by harvesting aboveground biomass from two 0.5-m 2 areas outside yield rows, separating ears or pods from biomass, oven-drying at 60°C for 3 d, and weighing. Grain yields were determined from a swath of 11.0 by 1.5 m using a combine harvester aft er oven-drying samples at 60°C for 3 d. Aft er grain harvest, crop biomass residues were returned to the soil.
Laboratory Analysis
Samples of malt barley and pea biomass and grain were ground to 1.0 mm and total N concentration (g N kg -1 plant) was determined by using a high induction furnace C and N analyzer (LECO, St. Joseph, MI). Nitrogen uptake (kg N ha -1 ) was calculated by multiplying their dry matter weight by N concentration. Protein concentration in malt barley grain was determined by multiplying N concentration by 6.25. Grain test weight was determined as the weight of grains fi lled in a 0.95-L container. Grain kernels were separated into plump, normal, and thin fractions by sieving 100-g grains in a nest of sieves containing 2.4-and 2.0-mm sieves in a strand sieve shaker (Seedburo Equipment Co., Des Plains, IL) for 3 min. Plump kernel refers to the proportion of grains retained in the 2.4-mm sieve, normal to those in the 2.0-mm sieve, and thin to those that passed through the 2.0-mm sieve (AMBA, 2005) . Nitrogen-use effi ciency in malt barley and pea grains and biomass was determined by dividing their N uptake by N rate (soil + fertilizer N) (Abeledo et al., 2008) . Harvest index was calculated by dividing grain yield by the sum of grain and biomass yields. Similarly, N harvest index was calculated by dividing grain N uptake by the sum of grain and biomass N uptake (Abeledo et al., 2008) . Although malt barley yields and N uptake were measured every year, data on barley grain characteristics and pea yield and N uptake were recorded only from 2007 to 2011.
Data Analysis
Data for malt barley and pea plant stand, grain and biomass yields, grain characteristics, harvest index, N uptake, and N-use effi ciency in all years (except for the transitional year in 2005 that was discarded) were analyzed using the SAS-MIXED model (Littell et al., 1996) . Cropping sequence was considered as the main-plot factor and the fi xed eff ect, N fertilization rate as the split plot factor and the other fi xed eff ect, year as the third fi xed eff ect, and replication and replication × cropping sequence as the random eff ects. Since the year has <10 levels of factors, it was considered as the fi xed eff ect for data analysis (Stroup and Mulitze, 1991; O'Donovan et al., 2011) . Means were separated by using the Fisher's Protected LSD test. Orthogonal contrasts were used to test for linear and quadratic responses to N rate and regression analysis were conducted to determine the relationship between N rate and dependent variables based on the nature of the response (O'Donovan et al., 2011) . Statistical signifi cance was evaluated at P ≤ 0.05, unless otherwise mentioned. Growing season (April-August) total precipitation was higher in 2006, 2010, and 2011 than the normal. Diff erences in air temperature and precipitation among years may infl uence crop growth, yield, grain characteristics, and N uptake, as described below.
Malt Barley Plant Stand, Biomass Yield, and Nitrogen Uptake
Variations in treatments resulted in signifi cant eff ects of cropping sequence and N fertilization rate on malt barley biomass yield, N uptake, and N-use effi ciency and N rate on plant stand (Table 2) . Similarly, diff erences in growing season air temperature and precipitation among years resulted in signifi cant interactions of cropping sequence and N rate with year on these parameters. Linear and quadratic responses of biomass yield, N uptake, and N-use effi ciency to N rate were also signifi cant.
Compared to other cropping sequences, plant stand, averaged across N rates, was greater in CTB-F in 2010 but lower in 2011 (Table 3 ). In 2011, plant stand was greater in NTB-F than in NTB-P. While increased soil water content due to fallow probably resulted in greater plant stand in CTB-F in 2010 and NTB-F in 2011, the reasons for lower plant stand in CTB-F in 2011 were not known. Similarly, mean plant stand across cropping sequences increased with increased N rates both in 2010 and across years (Table 4) . Enhanced N availability due to increased N rates may have promoted plant stand. Th is was in contrast to that found by O'Donovan et al. (2011) who reported that increased N rate, overall, decreased malt barley plant density, although the eff ect varied with locations and years in Alberta, Canada. In their previous study (O'Donovan et al., 2008) , banding N fertilizer to the side and below the seed row, however, did not aff ect malt barley plant density. In this study, N fertilizer was broadcast to malt barley. Averaged across treatments, plant stand was greater in 2010 and 2011 than in other years (Table 3 ). Higher precipitation in May (Table 1) Barley biomass yield and N uptake, averaged across N rates, were greater in CTB-F than in NTB-P and NTCB in 2007 , 2010 , and 2011 (Table 3) . It is not surprising to observe greater biomass yield and N uptake in CTB-F because alternate-year fallow in this system can conserve soil water and increase succeeding crop yields (Aase and Pikul, 1995; Jones and Popham, 1997; Sainju et al., 2009a) . Although NTB-F also increased biomass yield and N uptake, the eff ect was less pronounced compared to CTB-F. Th e increased eff ect of fallowing on biomass yield and N uptake was noted especially in 2008 when growing season precipitation was lower than in other years (Table 1) . Alternate-year fallow had been practiced in dryland conventional farming systems specifi cally to reduce risk against crop failure during drought, but the system can be uneconomical and unsustainable due to reduced annualized crop yield and soil quality (Haas et al., 1974; Aase and Schaefer, 1996; Sainju et al., 2009a) . Nonsignifi cant diff erences in plant stand and biomass yield between CTB-F and NTB-F suggests that tillage had no infl uence on dryland malt barley biomass in the northern Great Plains, a case similar to those reported by several researchers (Ciha, 1982; O'Sullivan and Ball, 1982) . Averaged across treatments, biomass was greater in 2007 but N uptake was greater in 2008 than in other years (Table 3) 
Both biomass yield and N uptake, averaged across cropping sequences, increased with increased N rates, having signifi cantly greater values with 80 and 120 than with 0 kg N ha -1 in all years, except in 2008 (Table 4) . Although N uptake increased with increased N rates, biomass yield was not aff ected by N rate in 2008, probably because barley growth may have been compromised by exceptionally low precipitation rather than soil available N during this period. McKenzie and Jackson (2005) in Montana and Alberta noted that malt barley performs well with appropriate N rate during high soil water availability. Higher malt barley biomass yield and N uptake with increased N fertilization rates have been reported by several researchers in Colorado and Argentina (Halvorson and Reule, 2007; Abeledo et al., 2008) .
Biomass N-use effi ciency was greater in CTB-F or NTB-F than in NTB-P and NTCB in all years, except in 2009 (Table 3) . Nitrogen-use effi ciency decreased with increased N rates in all years (Table 4) . Th is suggests that N is used more effi ciently by malt barley at low rather than at high N rates. Th is is also true in CTB-F, NTB-F, and NTB-P where N fertilizer was applied to malt barley once in 2 yr compared to every year in NTCB. Probably N mineralized from soil organic matter accounted for greater N use in crops that received low N fertilization rates. Reduced N-use effi ciency with increased N fertilization rates to malt barley have been noted by several researchers (Halvorson and Reule, 2007; Abeledo et al., 2008) . In contrast, applied N may not be fully used by crops, thereby resulting in higher soil residual N levels at high N rates (Halvorson and Reule, 2007) . Similar to N uptake, N-use effi ciency was greater in 2006 and 2008 (with higher air temperature and lower precipitation) than in other years. It may be possible that malt barley used N most effi ciently during years with higher air temperature and lower precipitation due to higher soil residual N level, resulting in lower N fertilization rate. Because of higher soil residual NO 3 -N content (0-60 cm), N fertilization rate to malt barley varied from 25 to 30 kg N ha -1 in N-fertilized treatments in 2006 and 2008 compared to 34 to 69 kg N ha -1 in other years. Lenssen et al. (2007b) also found higher N-use effi ciency by spring wheat during years with higher air temperature and soil residual NO 3 -N content. Quadratic responses of N rate to malt barley biomass yield, N uptake, and N-use effi ciency were similar to those for grain yield, N uptake, and N-use effi ciency, which are described below.
Grain Yield, Nitrogen Uptake, and Nitrogen-Use Effi ciency
As with plant stand and biomass, malt barley grain yield, N uptake, and N-use effi ciency varied with cropping sequences, N rates, and years and protein concentration with N rates and years (Table 2) . Signifi cant interactions occurred for cropping sequence × N rate, cropping sequence × year, and N rate × year for grain yield, N uptake, and N-use effi ciency, cropping sequence × year for protein concentration, and cropping sequence × N rate × year for N-use effi ciency. Both linear and quadratic responses to N rate were signifi cant for protein Table 5. concentration. Similarly, responses were signifi cant to N rate and N rate × cropping sequence interaction for grain yield, N uptake, and N-use effi ciency.
Grain yield, averaged across years, increased with increased N fertilization rates in curvilinear fashions in NTB-F, NTB-P, and NTC-B but not in CTB-F (Fig.  1, Table 5 ). Th e increase was pronounced more in NTB-P than in other cropping sequences. Yield was higher with 40 than with 0 kg N ha -1 in NTB-F, NTB-P, and NTCB but remained similar between 80 and 120 kg N ha -1 in all cropping sequences. Yield was also higher with 80 than with 40 kg N ha -1 in NTB-P. Although yields were higher in CTB-F and NTB-F than in other cropping sequences at all N rates, increases were pronounced more at 0 and 40 kg N ha -1 . Similar to grain yield, N uptake increased but N-use effi ciency decreased with increased N rates in all cropping sequences (Fig. 1, Table 5 ). Nitrogen uptake and N-use effi ciency were, however, similar between 80 and 120 kg N ha -1 . Averaged across N rates and years, grain yield and N uptake were greater in CTB-F and NTB-F than in NTB-P and NTCB (Table 6) . Similarly, N-use effi ciency was greater in CTB-F than in NTB-P and NTCB.
Greater grain yield, N uptake, and N use-effi ciency in CTB-F and NTB-F than in NTB-P and NTCB were probably due to increased soil water conservation during the fallow year in malt barley-fallow rotations. Several researchers (Aase and Pikul., 1995; Sainju et al., 2009a; Lenssen et al., 2010) have found increased dryland spring wheat, durum, and pea yields in crop-fallow compared to continuous cropping systems due to increased soil water availability in the semiarid northern Great Plains. Greater grain yield in NTB-P than in NTCB (Table 6 ) also suggests the importance of crop rotation in increasing crop yields compared to monocropping. Rotating pea with spring wheat has been found to increase grain yield compared to continuous spring wheat as a result of increased soil water availability and N supplied from pea residue in Montana (Miller et al., 2002; Lenssen et al., 2007a) . Similarly, increased malt barley yield, protein concentration, and N uptake but reduced N-use effi ciency with increased N fertilization rates have been reported by various researchers in North Dakota, Montana, Colorado, and Alberta (Weston et al., 1993; McKenzie and Jackson, 2005; Halvorson and Reule, 2007; O'Donovan et al., 2011) . Values of N-use effi ciency >1 suggests that more N was removed by grain than were supplied by available soil and fertilizer N and that other N sources, such as mineralization of soil organic N during crop growth, were contributing N to the available pool (Halvorson and Reule, 2007) .
Th e fact that grain yield and N uptake increased slowly with increased N rates in CTB-F and NTB-F compared to other cropping sequences (Fig. 1) suggests that these parameters did not respond well to N fertilization in crop-fallow systems. It could be possible that fallowing increased soil available N by enhancing organic N mineralization, thereby resulting in reduced response of N fertilizer on grain yield and N uptake. It has been known that fallowing can increase soil NO 3 -N level due to enhanced microbial activity as a result of increased soil temperature and water content (Haas et al., 1974; Aase and Pikul, 1995; Halvorson et al., 2002) . Based on regression equations, total N rates (soil + fertilizer N) for maximum grain yield ranged from 75 kg N ha -1 in CTB-F to 130 kg N ha -1 in NTB-P and for maximum N uptake ranged from 132 kg N ha -1 in NTB-F to 317 kg N ha -1 in NTCB (Fig. 1 , Table 5 ). Maximum grain yields ranged from 2.04 Mg ha -1 in NTCB to 2.81 Mg ha -1 in NTB-F and maximum N uptake ranged from 62.1 kg N ha -1 in NTB-F to 68.7 kg N ha -1 in NTB-P. As a result, total amount of soil and fertilizer N required to produce 1 Mg of malt barley grain ranged from 28 kg in CTB-F to 57 kg in NTCB. Similarly, total amount of soil and fertilizer N required for 1 kg of grain N uptake ranged from 2.2 kg in NTB-F to 5.1 kg in NTCB. As stated above, lower amount of N fertilizer required to produce 1 Mg of grain yield or 1 kg of grain N uptake in CTB-F and NTB-F than in NTB-P and NTCB was probably due to higher levels of soil residual N and/or slower responses to N fertilization following fallow. Halvorson and Reule (2007) reported that 27 kg of total soil and fertilizer N is required to produce 1 Mg of grain in irrigated no-till malt barley in Colorado. Th e greater amount of N fertilizer required to produce 1 Mg of malt barley in the dryland than in the irrigated no-till system suggests that malt Relationship between malt barley grain yield, N uptake, and N-use effi ciency with N fertilization rate as infl uenced barley may use N more effi ciently in the irrigated than in the dryland system probably due to higher yield. Although cropping sequence and N fertilization rate did not interact on grain protein concentration, it increased curvilinearly with increased N rate (Fig. 2) . Similar results have been reported by several researchers in North Dakota, Colorado, and Alberta (Weston et al., 1993; Halvorson and Reule, 2007; O'Donovan et al., 2011) . Six-row malt barley with grain protein concentration >135 g kg -1 has been found to be unacceptable for malting quality (AMBA, 2005) . Although grain yield and N uptake increased with increased N rates in NTB-P and NTCB but protein concentration reached the threshold level (135 g kg -1 ) at 80 kg N ha -1 ( Fig. 1 and 2 ) and cropping sequence had no eff ect on protein concentration (Table 6) , cropping sequences, such as NTB-P and NTCB, and N rate between 40 and 80 kg N ha -1 should be used as a compromise for maintaining malt barley yield and quality for malting purpose.
Like barley biomass yield and N uptake, grain yield, protein concentration, N uptake, and N-use effi ciency varied with cropping sequences and N rates among years (Tables 6 and 7) . Although grain yield, N uptake, and N-use effi ciency were normally greater in CTB-F and NTB-F than in other cropping sequences in all years, most dramatic increases in these parameters occurred in 2008 when growing season precipitation was lower than in other years (Tables 1 and 6) . Despite lower precipitation, grain yield, N uptake, and N-use effi ciency in fallow treatments in 2008 were similar to other years with normal precipitation. Th is indicates that fallowing is more eff ective in reducing crop losses during drought period than in other periods. In contrast, grain yield and N uptake responses to N fertilization were lower in 2008 and 2009 (with lower precipitation) than in other years (Tables 1 and 7) , suggesting that N fertilization may not increase malt barley yield and quality during low soil water availability. Probably low soil water availability during dry years reduced crop growth, thereby resulting in poor response of N fertilization to grain yield. Several researchers (Clancy et al., 1991; de Ruitter and Brooking, 1994) have reported that malt barley respond poorly to N fertilization in yield and N uptake during years with lower precipitation. Grain yield in 2010 and protein concentration, N uptake, and N-use effi ciency in 2009 were higher than in other years (Table 6 ). Environmental factors, especially soil water, may have a greater eff ect on malt barley yield and quality than N rates (Th errien et al., 1994; .
Harvest index and N harvest index varied among cropping sequences and years, with signifi cant interactions of cropping sequence × year and N rate × year (Table 2) . Harvest index, averaged across N rates, was greater in CTB-F or NTB-F than in other cropping sequences in all years, except in 2007 (Table 3 ). In contrast, N harvest index varied with cropping sequences, N rates, and years (Tables 3 and 4) . Averaged across N rates and years, harvest index was greater in NTB-F than in NTCB. Averaged across treatments, harvest index and N harvest index were lower in 2008 than in other years. Th is Effect of cropping sequence on malt barley grain  yield, protein concentration, N uptake, and N-use effi ciency  from 2006 to 2011 averaged across N fertilization 0.88c † Cropping sequences are CTB-F, conventional-till malt barley-fallow; NTB-F, no-till malt barley-fallow; NTB-P, no-till malt barley-pea; and NTCB, no-till continuous malt barley. ‡ Numbers followed by a different letter within a column are not signifi cantly different by the least signifi cant difference test. suggests that grain yielded more than biomass in crop-fallow than in continuous cropping systems but grain and biomass yields and N uptake behaved similarly during dry periods. Nitrogen rate did not aff ect harvest index, a case similar to that observed by Abeledo et al. (2008) in Argentina.
Grain Characteristics
Grain test weight varied with cropping sequence while test weight and proportions of plump and normal kernels varied with N rates and years (Table 8) . Interactions were signifi cant for cropping sequence × year for test weight and plump and normal kernels and N rate × year for plump and normal. Linear and quadratic responses to N rate were signifi cant for test weight and plump and normal kernels. Averaged across N rates, test weight and plump and normal kernels varied with cropping sequences among years, with test weight and plump kernel greater in NTB-P than in CTB-F in 2007 CTB-F in , 2008 CTB-F in , and 2011 . Averaged across cropping sequences, plump kernel normally decreased while normal kernel increased with N rates in 2007 , 2010 , and 2011 . Averaged across N rates and years, test weight was greater in NTB-P than in other cropping sequences (Table 8) . Averaged across cropping sequences and years, test weight and plump kernel decreased but normal kernel increased with N rate (Fig. 2) . Averaged across treatments, test weight and plump kernel were greater in 2009 and normal and thin kernels were greater in 2007 and 2008 than in other years.
Although grain characteristics varied with cropping sequences and years, greater test weight and plump kernel in NTB-P than in other cropping sequences in 3 out of 5 yr or greater average value across N rates and years suggests that NTB-P may be used as a management option to sustain malt barley grain uniformity and quality. It would not be surprising to observe increased proportion of normal kernels in all treatments as the proportion of plump kernels decreased with increased N rate. Reduction in malt barley plump kernel proportion with increased N fertilization rates has been previously documented in North Dakota, Montana, and Alberta (Weston et al., 1993; Mc Kenzie et al., 2005; O'Donovan et al., 2011) . Because of the similar levels of test weight and plump kernel between 0 and 40 kg N ha -1 but lower plump kernel below the threshold limit (800 g kg -1 ) with increased N rates, 40 kg N ha -1 may be used as an optimum N rate to maintain grain uniformity and quality for malting grade. Greater test weight and plump kernel in 2009 than in other years (Table 9) suggests that cooler air temperature and moderate precipitation (Table 1) probably aid high quality malting barley.
Pea
In NTB-P, pea grain yield varied with N rates applied to malt barley while plant stand, grain and biomass yields, grain N uptake, harvest index, and N harvest index varied with years (Table 10 ). Similar to malt barley, pea grain yield also increased following malt barley applied with increasing N rates. Pea yield was higher following barley with 120 than with 0 and 40 kg N ha -1 . Th is suggests that pea may respond to higher soil residual N level. Greater plant stand, grain and biomass yields, grain N uptake, and harvest indices in 2010 than in other years suggests that, like malt barley, pea growth and N uptake respond well during years with normal air temperature and higher precipitation (Table 1) .
Management Implications for Crop Yields and Quality
Similar levels of plant stand, grain and biomass yields, grain characteristics, grain N uptake and N-use effi ciency, and harvest indices between CTB-F and NTB-F (Tables 3, 6 , -----2007  0  738  836  149  15  40  722  757  220  23  80  701  661  299  40  120  695  584  366  50  2008  0  655  569  232  199  40  634  615  254  131  80  629  572  276  152  120  629  567  264  169  2009  0  738  946  44 710c  258a  32b  2008  637d  581d  256ab  163a  2009  734a  936a  34c  30b  2010  639d  741c  228b  31b  2011  690c  877b  74c 49b † Not signifi cant. ‡ Numbers followed by different letter within a column in a set are not significantly different by the least signifi cant difference test. and 8) suggest that tillage had no eff ect on malt barley yield and quality. Previous studies in Montana (Aase and Pikul, 1995; Lenssen et al., 2007a; Sainju et al., 2009a) have also reported that tillage had no eff ect on dryland spring wheat and hay barley yield and N uptake. Similarly, comparison of these parameters between NTB-P and NTBC suggests that rotating malt barley with pea can have similar or better barley yield and quality compared to continuous malt barley. Other benefi ts of crop rotation may include reduced incidences of weeds, pests, and diseases (Miller et al., 2002) . For comparing annualized yield and N uptake of malt barley among cropping sequences, yield and N uptake were divided by 2 in CTB-F, NTB-F, and NTB-P and by 1 in NTCB. Th is is because malt barley was present once in 2 yr in CTB-F, NTB-F, and NTB-P compared to every year in NTCB. Average annualized grain yield and N uptake were signifi cantly lower in CTB-F (1.36 Mg ha -1 and 25.6 kg N ha -1 ), NTB-F (1.33 Mg ha -1 and 26.5 kg N ha -1 ), and NTB-P (1.09 Mg ha -1 and 22.0 kg N ha -1 ) than in NTCB (1.93 Mg ha -1 and 42.3 kg N ha -1 ) ( Table 6 ). Th ese results show that alternateyear fallowing can reduce malt barley yield and N uptake compared to continuous cropping. Averaging the values of malt barley and pea, the corresponding values of annualized malt barley and pea grain yield and N uptake in NTB-P (derived from Tables 6 and 10) were 1.93 Mg ha -1 and 55.3 kg N ha -1 , respectively. Th ese values were similar to or greater than those annualized values observed for NTCB. Furthermore, economic value (seed price per unit weight) could be higher for pea than for malt barley. Malt barley protein concentration was not infl uenced by cropping sequence (Table 6 ). In contrast, malt barley yield and protein concentration increased with increased N rates ( Fig. 1 and 2) . Because of greater grain yield than NTCB, protein concentration <135 g kg -1 (Table 6) , and plump kernel proportion >800 g kg -1 (Tables 8 and 9 ), NTB-P with N fertilizer rates between 40 and 80 kg N ha -1 may be used as an alternate management option to sustain malt barley yield and quality for malting purpose in the northern Great Plains. Th is management option may also reduce costs of fuel for tillage and N fertilization, decrease the potentials for soil erosion and N leaching, and increase soil organic matter. Additional benefi t from pea production also may provide further incentive to use this option. As a result, the information may be helpful to producers and relevant industries to sustain malt barley yield and quality while reducing input costs and improving soil and environmental quality.
CONCLUSIONS
Malt barley yield and quality and N-use effi ciency varied with cropping sequences and N fertilization rates among years due to variations in environmental conditions, regardless of tillage practices. Similarly, pea yield and N uptake following malt barley in NTB-P varied with residual soil N levels and years. As hypothesized, NTB-P with 40 kg N ha -1 increased or maintained annualized malt barley grain and biomass yields, grain protein concentration (<135 g kg -1 ), test weight, kernel plumpness (>800 g kg -1 ), N uptake, and N-use effi ciency compared to other cropping sequences and N rates. Malt barley grain yield can be further increased as N rate increased from 40 to 80 kg N ha -1 without altering grain protein concentration and kernel plumpness, especially in NTB-P. Similarly, pea yield increased with N rates applied to malt barley in this treatment. As a result, NTB-P with N rates (total residual soil and fertilizer N) between 40 and 80 kg N ha -1 can be used as an alternative management option to sustain dryland malt barley yield and quality for malting purpose in the northern Great Plains. Other benefi ts of this management option may include reduced potentials for soil erosion and N leaching, lower infestation of weeds, diseases, and pests, and increased soil organic matter compared to the conventional-tilled malt barley-fallow system.
